Secreted and cell surface proteins play important roles in cancer and are potential drug targets and tumor markers. Here, we describe a large-scale analysis of the genes encoding secreted and cell surface proteins in breast cancer. To identify these genes, we developed a novel signal sequence trap method called Escherichia coli ampicillin secretion trap (CAST). For CAST, we constructed a plasmid in which the signal sequence of b-lactamase was deleted such that it does not confer ampicillin resistance. Eukaryotic cDNA libraries cloned into pCAST produced tens of thousands of ampicillinresistant clones, 80% of which contained cDNA fragments encoding secreted and membrane spanning proteins. We identified 2,708 unique sequences from cDNA libraries made from surgical breast cancer specimens. We analyzed the expression of 1,287 of the 2,708 genes and found that 166 were overexpressed in breast cancers relative to normal breast tissues. Eighty-five percent of these genes had not been previously identified as markers of breast cancer. Twenty-three of the 166 genes (14%) were relatively tissue restricted, suggesting use as cancer-specific targets. We also identified several new markers of ovarian cancer. Our results indicate that CAST is a robust, rapid, and low cost method to identify cell surface and secreted proteins and is applicable to a variety of relevant biological questions. (Cancer Res 2005; 65(18): 8209-17) 
Introduction
Cell surface and secreted proteins are important both in basic science (i.e., cell-cell signaling, cellular adhesion and migration, morphogenesis, and ionic conductance) and clinically (e.g., controlling many characteristics of malignancy including proliferation, angiogenesis, tissue invasion, and metastasis; ref. 1). Several genes that encode such proteins, including Her-2/neu, PSA, MMPs, and VEGF, are overexpressed in cancers and contribute to the malignant phenotype (2) (3) (4) (5) (6) (7) (8) . These proteins are important targets for diagnostic blood screening tests, small molecule inhibitors, and monoclonal antibody therapies (9) (10) (11) (12) (13) . Therefore, selective identification and characterization of secreted and cell surface proteins that are produced by malignant tissues may provide novel targets for cancer diagnosis and treatment.
Recently, several methods to identify cell surface and secreted proteins have been developed, including bioinformatics, cell fractionation combined with cDNA microarrays, mass spectrometry, and signal sequence traps in eukaryotic cells (14) (15) (16) (17) (18) (19) (20) (21) . Although these methods can identify cell surface and secreted proteins, each has significant limitations. Signal peptides, which target secreted and transmembrane proteins to their appropriate subcellular location, typically consist of 4 to 15 hydrophobic amino acids flanked by a basic NH 2 terminus and a polar COOH terminus (22) . A consensus sequence for the signal peptide has not been identified, which means that standard molecular techniques are not well suited to identify such proteins. This also makes it difficult to design computer algorithms to identify true signal sequences from the genome (20) . cDNA microarrays hybridized with probes derived from membrane-bound polysome RNA (18) permits screening of many clones simultaneously but is challenging and precludes identification of novel genes as it is restricted to the clones that are represented on the chip (19) . Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry has identified several cell surface proteins enriched in cancers (21) . However, elucidation of the protein and corresponding gene sequence from mass spectrometry data is labor intensive, time consuming, and expensive. Signal sequence traps done in eukaryotic cells have identified secreted and transmembrane proteins; however, they are inefficient: tens of thousands to millions of clones must be screened to identify a few positives (14) (15) (16) (17) .
The mechanisms for protein translocation across prokaryotic and eukaryotic membranes are relatively conserved (23) ; therefore, we hypothesized that mammalian signal sequences could functionally replace those of prokaryotic genes. Thus, we developed a survival-based signal sequence trap called Escherichia coli ampicillin secretion trap (CAST) that exploits the ability of mammalian signal sequences to confer ampicillin resistance to a mutant hlactamase lacking the endogenous signal sequence (24) . Here, we show the ability of CAST to identify thousands of cell surface and secreted proteins from several different eukaryotes.
To evaluate the methodology on a large scale, we applied CAST to breast cancer. Breast cancers affect over 215,000 women each year and is the second leading cause of cancer deaths in women in the United States (25) . Monoclonal antibody therapies against cell surface proteins expressed in breast cancers, such as Herceptin are effective (26) ; however, Herceptin is only helpful for the 20% to 30% of breast cancers that overexpress Her-2/neu (3). Furthermore, there are no effective blood tests for breast cancer. As much work has been done on breast carcinogenesis, finding new breast cancer cell surface and secreted markers would be a stringent test of CAST with potential clinical ramifications. Using CAST, we identified thousands of cell surface and secreted protein-encoding genes expressed in a variety of different types and stages of breast cancer. Of note, over half of the genes were previously uncharacterized, making them excellent candidates for further study. Next, we analyzed the expression of over one thousand of these genes and found 166 that were overexpressed in breast cancers compared with normal breast tissues. Many of these differentially expressed genes also displayed a limited distribution in other normal tissues making them excellent candidate breast cancer markers. We extended the approach to ovarian cancer and found many potential markers of that disease as well. Taken together, these data support the notion that CAST can isolate a large number of secreted and transmembrane proteins and can identify a battery of potential markers and therapeutic targets in cancer. [9] [10] [11] , and stage IV (sample 12). Six matched normal samples were also obtained from ILSBio, corresponding to samples 1, 2, 4, 5, 6, and 8.
Materials and Methods

RNA
RNA was isolated using Trizol (Invitrogen, Carlsbad, CA). All samples were run on a denaturing agarose gel, and any RNA with detectable degradation was not included in the study. Polyadenylated RNA was purified with the Oligotex mRNA midi kit (Qiagen, Valencia, CA).
Vector and library construction. pCAST was designed to contain the kanamycin resistance gene and the b-lactamase gene lacking the first 69 nucleotides encoding the endogenous signal peptide. EcoRI and BamHI sites were placed upstream of the mutant b-lactamase gene for directional cloning. CAST cDNA libraries (SuperScript Choice System) were generated from 1 to 2 Ag of mRNA with a random primer containing a BamHI restriction site (5V -CGGGATCCNNNNNN-3V ; where N is A, C, G, or T) for reverse transcription. The EcoRI-adapted cDNA was digested with BamHI, size fractionated, ligated into pCAST (EcoRI and BamHI), and plated onto Luris-Bertani (LB)/ampicillin. The timeframe from RNA isolation to colony picking is f1 week. Individual colonies were picked and grown in 1.5 mL LB with (50 Ag/mL) kanamycin in a 96-well format. Plasmid DNA was isolated using NucleoSpin Multi-96 Flash Kits (BD Biosciences/MachereyNagel, Mountain View, CA) and end sequenced in 96-well format (Seqwright, Houston, TX) using a primer located within the b-lactamase gene (5V -TCTTACCGCTGTTGAGATCC-3V).
Sequence analysis. Nonredundant and expressed sequence tag (EST) databases (National Center for Biotechnology Information, NCBI) were searched for similarity to the identified sequences using the BLAST programs (27) . The searches were done in batches of 96 using NETBLAST with the text files generated from sequencing. We compiled a list of nonredundant genes, ESTs, and chromosomal fragments identified using Excel. For characterized genes, subcellular localization and protein domain information was gathered from UniGene (28) . Novel sequences were analyzed for predicted signal sequences and transmembrane domains using PSORTII (29) , SMART (30) , and SignalP (31) .
Reverse transcription and PCR analysis. One microgram of RNA was reverse transcribed and amplified with PCR primers designed (Primer3; ref. 32) to generate f200-bp amplicons. The PCR primers were synthesized by Qiagen or Illumina, Inc. (San Diego, CA) in 96-well format and delivered with the forward and reverse primers for each gene in the same well. For the large-scale screen, PCR reactions were set up in 96-well format (two genes per row for the primary screen and two rows per gene for the secondary screen). The samples were amplified (94jC, 30 seconds; 55jC, 30 seconds; and 72jC, 30 seconds) and aliquots were removed following 27, 30, and 33 cycles to ensure that the amplification was in the linear range. If the cDNA product was abundant following 27 cycles of amplification the reaction was repeated using a lower number of cycles. The aliquots were run in large electrophoresis tanks that could accommodate 192 samples at a time. For ease of manipulation, all samples were loaded using a multichannel pipetteman. For quantitative PCR, we used DyNAmo SYBR Green quantitative PCR mix and the DNA Engine Opticon 2 Continuous Fluorescence Detection System (Bio-Rad Laboratories, San Francisco, CA). Samples were denatured at 94jC for 10 minutes and incubated at 94jC for 15 seconds, 55jC for 15 seconds, and 72jC for 15 seconds for 40 cycles. Products of each primer pair were subjected to a melting curve (55-95jC) to ensure that primer-dimers and nonspecific products were not produced. Each sample was analyzed in duplicate and each experiment was repeated thrice. Relative levels of gene expression were determined using the comparative C t (DDC t ) method using primers specific for S9 rRNA as a control.
HER-2/neu immunostaining. All steps of the immunohistochemical analyses were done at room temperature and carried out on the Dako Autostainer (DAKO, Carpinteria, CA). Reagents were used as supplied in the Dako Envision Plus Detection Kit. Four-micrometer paraffin sections were generated on a rotary microtome, mounted on positively charged glass slides (Superfrost, Fisher, Pittsburgh, PA), and baked overnight. Sections were then deparaffinized in xylene and ethanol and placed in 200 mL Dako* Target Retrieval Solution (pH 6.0), heated at 100jC for 20 minutes, cooled for 20 minutes, then rinsed thoroughly in deionized water, and loaded onto the Dako Autostainer. The sections were quenched with 3% H 2 O 2 for 5 minutes, incubated with primary antibody for 30 minutes followed by a 30-minute incubation in Dako EnVision Plus, Peroxidase, Rabbit, a labeled dextran polymer. Sections were then stained for 5 minutes in freshly prepared diaminobenzidine and buffer substrate solution, counterstained with hematoxylin and blued in Richard Allen Bluing Reagent, dehydrated in a graded series of ethanols and xylene, coverslipped, and reviewed by light microscopy. Optimum primary antibody dilutions were predetermined using known positive control tissues. A known positive control section was included in each run to assure proper staining. Rabbit Immunoglobulin Fraction (Normal) or IgG1 monoclonal was used as a negative control.
Results
Escherichia coli ampicillin secretion trap. To develop a rapid, bacterial-based method to identify signal sequence-containing proteins, we generated a plasmid, pCAST, with a mutant b-lactamase lacking the endogenous signal peptide (Fig. 1) . A BamHI site was placed upstream of and in-frame with the mutant b-lactamase and a EcoRI site was included for directional cloning. When transformed with pCAST, E. coli did not grow on ampicillin. Survival on ampicillin was observed only when various prokaryotic and eukaryotic cDNA fragments encoding a signal sequence were inserted into pCAST (data not shown).
To examine the ability of CAST to select genes encoding transmembrane and secreted proteins from a pool of sequences, random-primed cDNA libraries were generated from MCF-7 and SK-BR-3 human breast tumor cell lines, ligated into pCAST, and random ampicillin-resistant clones were sequenced. The majority encoded secreted and transmembrane proteins (type I, type II, and multispanning; data not shown).
To determine whether CAST was amenable to small quantities of starting material we generated a library from mouse mammary mRNA. Approximately 40,000 clones survived ampicillin selection; all randomly selected clones encoded secreted or transmembrane proteins (data not shown). The CAST system also worked efficiently on RNA amplified from a few early-stage Xenopus laevis embryos (data not shown). Taken together, these data support the notion that CAST readily identifies secreted and transmembrane proteins from mammalian cell lines and relatively small amounts of tissue from different organisms.
Large-scale identification of transmembrane and secreted proteins from breast cancers. To identify genes that encode cell surface and secreted proteins present in breast cancers, we generated CAST libraries from surgical specimens. To diversify the candidates, we extracted RNA from DCIS, lobular carcinoma, and invasive ductal carcinomas and generated two libraries, BC1 (DCIS and lobular) and BC2 (ductal) and ligated them into pCAST. Next, we assessed the number of putative signal sequence containing proteins in the libraries and found that each library contained f50,000 clones that survived ampicillin selection. To further evaluate these breast cancer libraries, we sequenced DNA isolated from about 200 randomly chosen colonies that survived the ampicillin selection. Approximately 83% of the named genes identified in this pilot were predicted to encode secreted and transmembrane proteins. Taken together, these data support the notion that a large percentage of the clones identified by CAST encode secreted and cell surface proteins and that the BC1 and BC2 breast cancer libraries would be appropriate sources for a detailed and large-scale characterization.
Next we sequenced f5,000 ampicillin-resistant colonies from each library. We compared these sequences to those deposited in the public databases using BLAST (NCBI) and categorized the clones according to their identity to known genes, hypothetical genes, ESTs and genomic DNA. The 9,719 clones yielding useful sequence information encoded 2,708 unique, nonredundant sequences. Of these, 46% were named genes, 11.5% encoded hypothetical proteins, 20% were uncharacterized ESTs, 18% were identified in genome sequencing projects, and 4.5% did not share identity with any sequences in the public databases. Thus, f50% of the unique sequences that we identified using CAST corresponded to previously uncharacterized genes, providing an excellent source for gene discovery. As a benchmark, we analyzed the subset of named genes to determine whether the CAST screen had identified known secreted and cell surface breast cancer markers. Remarkably, many well-studied breast cancer markers were represented in our collection, including Her-2/neu, Her-3, mucin 1, mammoglobin, MMP9, MMP11, osteopontin, PAI-1, Cathepsin D, CTGF, VEGF, and many others. These data are consistent with the idea that CAST is an appropriate method to identify secreted or transmembrane protein markers of breast cancer.
Validation of reverse transcription-PCR to identify tumor markers. To help identify new breast cancer markers, we chose to analyze the expression of the genes identified by CAST using semiquantitative RT-PCR. However, we first tested the ability of this semiquantitative PCR approach to identify breast cancer markers and analyzed the expression of Her-2/neu, a known breast cancer marker that was also identified using CAST and a target for which PCR primers and antibodies are readily available. For this test, we selected four normal breast samples and 10 breast cancer samples, extracted RNA, and did semiquantitative RT-PCR and quantitative PCR with Her-2/neu-specific primers. We found that the levels of Her-2/neu were higher in tumors BB, T, and W relative to controls (Fig. 2A) . Next, we analyzed the expression levels of Her-2/neu in the same samples but this time with quantitative PCR, which is thought to be a more stringent and quantitative method. Again, we found that the levels of Her-2/neu were higher in tumors BB, T, and W compared with the control samples (Fig. 2B) . However, the more important issue is whether the semiquantitative RT-PCR (and quantitative PCR) results correlate with protein expression, as many potential artifacts could obscure the PCR analyses. Thus, we analyzed HER-2/neu protein expression in the identical specimens with immunohistochemistry, an approach that is routinely used in pathologic analysis of breast cancer specimens. With this technique, we only observed increased immunostaining in samples BB, T, and W, exactly paralleling the RT-PCR results. (Fig. 2C-E) . These results validated the selection of semiquantitative PCR as a method to identify potential novel markers of breast cancer.
Identification of novel breast cancer markers. With this understanding, we turned to our large collection of CAST-identified cell surface and secreted candidates to identify potential novel breast cancer markers. As a primary screen, we analyzed the expression of 1,287 genes with a panel of six normal breast and six breast cancer samples and identified 463 candidate genes that were overexpressed in at least one of the cancers. Next, we subjected the 463 differentially expressed candidates to a second level of screening with a panel of 12 normal breast samples (six from unaffected individuals and six matched controls from unaffected breast tissue of six of the women with breast cancer) and 12 ductal carcinomas (stages I-IV). Through the two-tiered process, we found that f13% (166 of 1,287) were overexpressed in breast cancer. We grouped these genes into four categories based on the number of cancers in which they were overexpressed (Fig. 3) . Known breast cancer markers (red) were included in the screen as positive controls and for comparison and comprised 15% (23 of 166) of the differentially expressed genes. Thus, 85% (143 of 166) of the differentially expressed genes identified by CAST were not previously described breast cancer markers. Furthermore, one third (49 of 143) of these genes were uncharacterized with respect to function (Fig. 3, green) . Of the named genes, 7% (Fig. 3, blue) had been previously reported to be markers of other cancers such as leukemia or prostate carcinoma, suggesting that some of the breast cancer markers identified by CAST may also be overexpressed in additional types of cancer.
Representative examples of the differentially expressed genes are shown in Fig. 4 . ERBB2 (Her-2/neu) is included as a control for the group of genes overexpressed in 1 to 3 of the 12 breast cancers (top). This group comprised 35 genes including STEAP2 (a prostate cancer marker; ref. 33) , AMICA (a recently identified adhesion molecule; ref. 34) , and a hypothetical protein, LOC116068 (Fig. 3) . LOC116068 is predicted to contain a single membrane-spanning domain and lysine motif. None of these genes have previously been suggested as markers of breast cancer. Twenty-five percent (43 of 166) of the up-regulated genes were overexpressed in 4 to 6 of the 12 breast cancers tested. This group of genes included the known markers osteopontin, ERBB3, and TFF1 (Fig. 2) . ENPP1, overexpressed in 5 of the 12 cancers (Fig. 4) , encodes a type II transmembrane surface glycoprotein that has not previously been identified as a breast cancer marker. SLC35F5 is up-regulated in 5 of 12 cancers and contains 10 putative membrane-spanning regions. Also in this group were two clones, AC103652 (6 of 12 cancers) and AC104837 (5 of 12 cancers) that exhibited homology only to genomic DNA. Forty-two percent (70 of 166) of the candidates were overexpressed in 7 to 9 of the 12 breast cancers. The known breast cancer markers, MMP9 and VEGF, were included in this group. HPN (hepsin), a serine protease, is a marker of prostate cancer (35) and is overexpressed in renal and ovarian carcinomas (36, 37) . Here, we show that HPN is also overexpressed in the majority of breast cancers tested (Fig. 4) , extending the tumor spectrum of which this protein is a marker. Other genes in this group include KCNK15, a potassium channel with unknown function (7 of 12 cancers); KIAA1363, a novel 408 residue protein predicted to contain a signal peptide (7 of 12 cancers); FLJ23309, a hypothetical protein predicted to contain two to three membrane-spanning domains Figure 2 . Validation of CAST and semiquantitative RT-PCR as a method to identify cell surface and secreted markers of breast cancer. A, expression levels of Her-2/neu were assessed by semiquantitative PCR in four normal breast and 10 breast cancer samples and found to be elevated in three cancer specimens: BB, T, and W. S9 ribosomal RNA serves as a control. B, quantitative PCR was done on the same samples as in (A ). The C t values ranged between 18 and 27 for both Her-2/neu and S9. Relative fold increase was determined by dividing the DC t value by the average DC t value for the four normal breast samples. Three tumors (BB, T, and W) exhibited relatively higher levels of Her-2/neu (19-, 95-, and 8-fold higher than normal breast, respectively).
C -E, immunohistostaining confirmed the PCR results and showed that the HER-2/neu protein was overexpressed in breast cancers BB (data not shown), T (C ), and W (D ) but not in L (E ).
(8 of 12 cancers); and FLJ20174, a hypothetical protein predicted to be the mammalian homologue of the Caenorhabditis elegans protein SID-1, a multispanning membrane protein which is involved in systemic RNAi via the uptake of the double-stranded RNA into cells (refs. 38, 39; 9/12 cancers, Fig. 4 ). This observation may support an RNA interference-based approach for breast cancer therapeutics. The remaining 12% of the CAST targets were overexpressed in 10 to 12 of the breast cancers. Included in this group are the breast cancer markers MMP11 and MUC5B (4, 40) . Figure 4 shows the expression patterns of a hypothetical protein in this group, FLJ20406. FLJ20406 is predicted to contain a signal sequence and has homology to the mouse Lck-interacting transmembrane adaptor protein (41) . Two genes COL10A1 (collagen X, alpha 1) and CLECSF5 (C-type lectin superfamily member 5) were overexpressed in almost all of the cancers tested, although varying levels of expression were observed (Fig. 4) . None of these genes were previously reported as overexpressed in breast cancer.
Tissue distribution of the Escherichia coli ampicillin secretion trap-identified breast cancer markers. An ideal cancer marker might have a restricted pattern of expression: high in the cancerous tissue and low in other adult tissues. Thus, we analyzed the expression of the 166 differentially expressed genes in a panel of 20 normal human tissues. Notably, 23 genes (14%) were detected in a relatively restricted pattern (V25% of the tissues tested; denoted by a '++' sign in Fig. 3 ). Many of these 23 tissuerestricted genes were derived from those that we found to be overexpressed in >50% of the breast cancers groupings described CAST identified a plethora of cell surface and secreted markers of breast cancer. Expression levels of the indicated transcripts were assessed by semiquantitative RT-PCR in 12 normal breast samples and 12 ductal breast cancers. The genes were parsed into four categories based upon the number of cancers in which the transcript was overexpressed (1-3, 4-6, 7-9, and 10-12). Known breast cancer markers (red), genes that mark other cancers (blue ), and uncharacterized genes (green ). Genes expressed in <6 normal human tissues (++) and genes expressed in 6 to 10 normal human tissues of the 20 normal tissues tested (+).
above (Fig. 3) . Representative examples of these genes are shown in Fig. 5 . COL10A1 was present at much higher levels in breast cancer compared with all other normal human tissues tested (Fig. 5B) . Quantitative PCR confirmed the results and showed that COL10A1 was up-regulated in breast cancers 80-fold compared with the average level of expression in normal human tissues and 40-fold compared with the average level of expression in normal breast tissue (Fig. 5B) . CLECSF5 was expressed at very low levels in all human tissues examined except for bone marrow (Fig. 5C) . Quantitative PCR determined that the breast cancer levels were on average 4-fold higher than the average expression level in normal tissues (25-fold higher if bone marrow was excluded). The hypothetical protein FLJ20174 was overexpressed in the majority of breast cancer specimens and showed a restricted pattern of expression, 8-fold higher than in normal tissues (Fig. 5D) . The genes shown in Figs. 3 and 4 are up-regulated in a higher percentage of breast cancers than the Herceptin target HER-2/neu (Fig. 4) , and are expressed at comparatively lower levels in normal human tissues (Fig. 5A) .
Identification of ovarian cancer markers. We found that several genes, such as osteopontin, isolated in the breast cancer screen were reported to be ovarian cancer markers (42, 43) . To extend that, we selected 22 genes that were overexpressed in breast cancers and had tissue restricted expression in other human tissues and analyzed the levels of these genes in a panel of seven normal ovaries and 12 ovarian cancers using semiquantitative and quantitative RT-PCR. Remarkably, 77% (17 of 22) of the tissue restricted breast cancer markers that we tested were also up-regulated in ovarian cancers relative to normal ovary tissue (Table 1 ). Expression levels of four genes (COL10A1, CLECSF5, FLJ20174, and CXCL9) that are tissue-restricted markers of both ovarian cancer and breast cancer are shown in Fig. 6 . These results were confirmed by quantitative PCR showing 7-to 50-fold higher ovarian cancer expression compared with normal ovary. These results indicate that the CAST system is useful for identifying genes that are potential markers of more than one type of cancer.
Discussion
The importance of cell surface and secreted proteins in a wide variety of biological processes and their importance to health care has prompted the search for high-throughput methods to speed Figure 5 . Many CAST-identified breast cancer markers have limited expression in normal human tissues. Expression levels of the indicated transcripts were assessed using semiquantitative RT-PCR and quantitative PCR. The average C t value for the breast cancer samples is indicated for each gene. Relative expression levels were determined from the average DC t value of 15 normal human tissues, 12 normal breast samples, and 12 breast cancer samples. The average normal breast value was set to 1. A, Her-2/neu , which has a relatively broad tissue distribution, is shown for comparison (C t = 24). B, Collagen X, alpha 1 (COL10A1; C t = 24). C, C-type lectin superfamily member 5 (CLECSF5; C t = 33). D, Hypothetical protein FLJ20174 (C t = 27). All have limited tissue distribution. S9 rRNA is the control (C t = 21).
their identification. However, most of the methods described to date are either labor intensive, inefficient, technically demanding, or costly (14-21). We developed and validated the CAST method that rapidly identifies eukaryotic genes encoding signal sequencecontaining proteins. CAST can be efficiently done with cDNA derived from various organisms and is suitable for situations in which the amount of available tissue is limited, such as human biopsies. With CAST, we identified >2,700 genes from breast cancers that conferred ampicillin resistance to E. coli by restoring the function of the pCAST b-lactamase signal sequence. We examined the expression of almost 1,300 of these genes in normal and cancerous breast tissues and found >150 with elevated levels of expression in breast cancers. Many of these were also expressed in a relatively restricted number of normal tissues. Whereas differential expression between a cancerous tissue and its normal counterpart is important and may be indicative of a role in malignancy, expression in other normal human tissues may limit the usefulness of such a marker. An ideal marker might be highly expressed in malignant cells and have limited expression in normal tissues; such specificity might reduce potential side effects of a novel therapeutic. One gene with a particularly striking pattern of expression is COL10A1. This gene was detected in 100% of the breast cancers tested and none of the normal breast tissues. In addition, expression of COL10A1 was not observed in any of the normal human tissues examined. COL10A1 encodes a homotrimeric short chain collagen and is expressed during endochondral ossification such as growth plates in childhood (44) . As a component of the extracellular matrix, COL10A1 may be involved in invasion and metastasis of cancer cells. If so, targeted degradation of the COL10A1 mRNA or prevention of homotrimer formation via a monoclonal antibody or small molecule may be an effective cancer therapy. Because COL10A1 is expressed only in developing bone and because human genetic syndromes with mutations in COL10A1 only affect growing bones, therapies against it may not adversely affect adult cancer patients.
As we analyzed the genes identified by CAST and determined whether any were known markers of cancer, it became apparent that several genes were reported markers of ovarian cancer. Women with mutations in certain genes, such as BRCA1 and BRCA2 have an increased risk of developing both breast and ovarian cancer indicating that there may be common mechanisms for malignancy in these tissues (45) . Thus, it was plausible that some of the secreted and transmembrane proteins that we found to have increased levels in breast cancer might also be ovarian cancer markers. Indeed, we found that 77% of the genes we examined were also up-regulated in ovarian cancers. It is likely that some of the breast cancer markers that we identified also mark other types of cancer. In support of this, f7% of the named genes that had not been previously reported as breast cancer markers had been identified as markers of other cancers. Thus, some of the proteins that we found in the CAST screen may be markers of multiple cancers, whereas others may be site specific.
Although we did not do an extensive comparison, it was evident that unique populations of CAST targets were identified from each of the breast cancer libraries we generated. Furthermore, using several different tumors in the construction of the CAST libraries enabled the identification of genes that were expressed in distinct subsets and varying percentages of the cancers tested. It follows that cell surface and secreted proteins that are specific to a cancer type or stage could be identified with CAST. For example, cancers that exhibit a particular characteristic (i.e., Her-2/neu overexpression, ER status) or disease stage could be grouped together and CAST targets compared. Identification of a subset of cell surface or secreted proteins overexpressed in cancers that exhibit certain characteristics could be useful for molecular profiling of human biopsies. The pattern of genes encoding cell surface and secreted cancer markers may facilitate diagnosis and may indicate the best treatment strategy to use on individual patients.
A major advantage of the CAST method is that a large number of genes encoding secreted and transmembrane proteins can be identified quickly and for relatively low cost. For example, within 1 week, the entire method from RNA isolation to sequencing of CAST isolates can be completed, including quality control for both RNA isolation (i.e., Northern blots) and library construction. The use of bacterial selection engenders such rapidity and its ease is highlighted by the thousands of unique genes that we identified. During the large-scale screen, we decreased the labor and time expended by exploiting 96-well formats for growing bacterial cultures, DNA isolation, sequencing, primer synthesis, and RT-PCR. Because sequencing (as well as oligonucleotide synthesis for RT-PCR) costs are substantially reduced when processed in 96-well format, the use of 96-well plates decreased the labor and time involved and increased the cost-effectiveness of the methodologies. There are several other modifications that could be made to further reduce the cost associated with the identification of genes encoding cell surface and secreted proteins. To reduce the redundancy that is encountered during sequencing, single nucleotide sequencing can be used or alternatively a hybridization step could be introduced such that genes that are represented at a high frequency in the CAST library are not selected for sequencing. After CAST, we attempted to identify putative cancer markers with RT-PCR. For this, we again used the 96-well format and to further increase efficiency, we ordered the forward and reverse primers for each gene in the same well. For ease of manipulation, all samples were loaded using multichannel pipettemen in electrophoresis apparatus that could accommodate 192 samples. Although we selected RT-PCR as the method to assess transcript levels, many other methods such as dot blots or cDNA microarrays that incur less time, effort, and expense are equally applicable. Furthermore, one may prioritize the list of clones to further examine in a variety of ways (e.g., selecting novel genes or certain classes of receptors or ligands). In addition to technical ease and speed, the CAST system is quite flexible and adaptable and therefore can be tailored to the meet the criteria of each project. In summary, we show that CAST is a rapid and efficient method to enrich for genes encoding secreted and cell surface proteins. From breast cancer specimens, we isolated >2,000 genes encoding secreted and cell surface proteins, which represent an extremely large collection of these high value targets. Furthermore, we easily identified many genes encoding these types of proteins that were up-regulated in human breast and ovarian cancers. Many of these genes displayed a relatively limited distribution in a panel of normal human tissues, supporting the notion that they may be excellent targets for diagnostics or therapeutics. Our goal for this study was to identify genes that encode potential markers of breast cancer. The next important step in the evaluation of these genes will be to generate antibodies to the putative novel cell surface and secreted proteins to determine whether the transcript levels are indicative of protein levels in cancerous tissues or serum from cancer patients. This would validate the ability of CAST to identify genes that encode secreted and cell surface proteins as well as our strategy to determine whether any of these genes encode cancer markers. Because we used normal breast tissue for our control samples, there is a possibility that the genes identified as markers of cancer are simply markers of epithelial cells, which would be enriched in cancer samples relative to normal tissues. There are at least three reasons to support that the genes identified in this study are indeed markers of cancer. (a) The genes identified were overexpressed in different numbers and combinations of cancer samples, whereas markers of epithelial cells should be expressed in similar patterns. (b) We identified known breast cancer markers and these markers were expressed in an appropriate number of cancer samples (i.e., HER-2/neu was overexpressed in f20% of the cancers consistent with the literature). We also showed, by immunohistostaining, that HER-2/neu protein levels positively correlated with elevated HER-2/neu mRNA levels as detected by RT-PCR. (c) We identified several known markers of normal breast luminal epithelial cells that were not up-regulated in the cancer specimens included in our panel. For example, a recent publication lists several genes that are expressed in normal breast luminal epithelial cells (46) . Of the reported genes, we identified eight using CAST (CD24, ATP1B1, Mucin 1, CTL2, KIAA0233, PPAP2C, BACE2, and ERBB3). Our RT-PCR analysis only identified one of these genes (ERBB3) as a marker of cancer as has been reported (47); the remaining genes were expressed at equivalent levels between normal and cancerous samples. Taken together, these results support the notion that the methodologies described herein identified genes encoding putative cell surface and secreted markers of cancer.
In summary, CAST is applicable to virtually any tissue from a wide range of organisms and can be used in combination with existing technologies to identify genes encoding cell surface and secreted proteins from specific tissues or disease states.
